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ABSTRACT
In this paper, a full 3D transient computational fluid dynamics (CFD) model for a rolling piston compressor with
reed valve is described in detail. In the proposed model, a moving/deforming mesh algorithm was developed for the
fluid pockets of the compressor. The bending of the reed valve is modeled as a rotational structure with a
moving/deforming mesh for the affected fluid volume. The motion of the valve is solved using a one dimensional
rotational ordinary differential equation (ODE). Important parameters of the rotational dynamics, such as the torsion
constant, are derived from bending cantilever beam theory. The meshing and re-meshing algorithms for the fluid
volumes of rolling piston and the rotational valve were implemented in a CFD package PumpLinx. The test
simulation of a generic rolling compressor with a discharger reed valve demonstrates that the algorithms and the
implementations are robust, fast and user friendly, and can be readily applied to rolling piston compressor systems.
Keywords: rolling piston, compressor, reed valve, valve dynamics, CFD

1. INTRODUCTION
Rolling pistons are widely used as compressors in refrigerator and air conditioning systems due to their small size,
low cost, and high performance. Reed valves, a special type of check valves driven by hydraulic forces, are
commonly used with many types of positive displacement compressors to restrict the flow to one direction. Reed
valves are typically made of a thin layer of metal or other material, such as plastic. A reed valve will bend in
response to fluid pressure forces to open up the flow channel at the proper moment within a compression cycle. It
has been proved by analysis and experimental observations that reed valves can have strong dynamic fluid structure
interactions (FSI). For example strong valve vibration during operation, often referred to as “valve flutter,” has been
reported by Bhakta et al. (2012), Nagy et al. (2008) and Burgstaller et al. (2008).
There are many factors that could affect the performance and efficiency of a compression system. The interaction
between the compressor and the control valve is one of the most important factors. Dynamic motion of the valve
also affects the noise and the durability of the valve. Due to the fully coupled dynamic nature of the problem, the
analysis of compressor and valve interaction is difficult. CFD simulations of combined compressor and valve
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systems can provide valuable insights regarding not only the performance of the compressor and the valve, but also
the dynamic interaction between the two.
CFD simulation of a rolling piston compressor can be traced back to 1994 when Lenz and Cooksey used steady state
CFD solution to optimize the discharge port geometry. Geng, et al. (2004) and Liang, et al. (2010) further extended
the rolling piston CFD models to a more accurate transient moving mesh approach. In those two models, the reed
valve lifts were simplified as a simple function of pressure difference without considering the complex valve
dynamic behavior under fluid forces.
More detailed approaches have been used in reed valve studies. Machu et al. (2004) used finite element methods to
model detailed deformation of a reed valve with a pre-defined flow field. Silva et al. (2012) solved an ODE for
valve dynamics within a 1D fluid model. Kinjo et al. (2010) used immersed solid/virtual flux to account for the
motion of the valves of a reciprocating compressor inside a simplified fluid domain, together with ODEs to model
valve dynamics.
The present paper presents a full 3D transient CFD model of a rolling piston compressor with a discharge reed valve
as a complete system. The rolling piston fluid volume is modeled using a moving mesh method. The bending reed
valve is modeled as a rigid rotational structure, and the fluid volume around the valve is also modeled using a
moving mesh. The rotating valve approach is a more accurate approximation to the real valve bending movement
compared with the often used 1D linear valve motion model. The valve FSI is modeled by a 1D rotational ODE with
the torsion constant derived from the formulation for a bending cantilever beam.
As pointed out by Prasad (2004) in his summary of CFD applications for positive displacement (PD) compressors,
the application of moving meshes for PD compressors and valves is one of the most difficult tasks in CFD
simulation. The following section will presents details of a proposed model with emphasis on the handling of the
moving mesh and fluid structure interaction.

2. ROLLING PISTON MODEL
2.1 Working Principle of a Rolling Piston
As shown in Figure 1, a rolling piston consists of a cylindrical rotor mounted eccentrically on a driving shaft and
assembled inside a concentric cylinder chamber. Together with a moving vane, the space between the rotor and the
chamber is divided into a suction chamber and a compression chamber. And the boundaries between the two
chambers are defined by the contact point between vane and piston, and the contact point between piston and
chamber wall.

Figure 1: Schematic of a rolling piston compressor
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During the operation, when the contact point between the piston and chamber wall rotates past the inlet port, but
before the discharge valve opens, the compression chamber is fully isolated. With the continued rotation of the
piston, the volume of the compression chamber will progressively decrease, and gas trapped inside the chamber will
be continuously compressed. Finally, when the pressure inside the compression chamber reaches the discharge
pressure, the discharge valve will open to let the compressed gas flow out. Figures 2.1 through 2.5 show the
sequence of compression for one complete cycle of a rolling piston compressor.
1

2

3

4

5

Figure 2: Rolling piston compression process

2.2 Rolling Piston Mesh Solution
The rolling piston fluid domain can be divided into two parts: the main chamber and the fluid gap at the end of the
vane tip (Figure 3). The main chamber is the space between two eccentric circles, excluding the vane and the vane
tip gap. After the position of the rotor is determined based on the crankshaft angle, the shape of the chamber volume
is defined as shown in Figure 4. A continuous structured mesh is filled in this space (Figure 4), which also includes
the extremely narrow leakage gap close to the contact point between the piston and the chamber wall. The fluid
volume at the end of the vane is then meshed as shown in Figure 5 and used to model the leakage flow through the
vane tip gap. It can be optional if the leakage is not of interest. The vane tip volume is bound by the two straight
surfaces along vane path, the vane tip, and part of the rotor cylinder. The vane tip position can be determined by
checking the contact condition between the vane tip and the rotor at its current location with an added distance for a
pre-defined leakage clearance. After that, the shape of the vane tip is completely defined. A structured mesh is also
used for this volume (Figure 5). After meshes for both volumes have been created, they are connected using the
PumpLinx Mis-Matched Grid Interface (MGI) function, to form a complete fluid domain for the rotor part. MGI
allows the solver to create a direct, implicit connection between disparate (mismatched) meshes.

Figure 3: Rolling piston fluid
domain

Figure 4: Main chamber mesh

Figure 5: Vane tip mesh

The moving mesh algorithm for the rolling piston described above was implemented in the software package as a
template. This template, named Rolling Piston, enables the automated creation of the meshes discussed above, based
on a user defined rotor, chamber and vane tip geometry. The template also controls the rotor movement with user
defined operating conditions, and creates a new mesh at each time step in a transient simulation.
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3. REED VALVE MODEL
3.1 Working Principle of a Reed Valve
A typical reed valve consists of a valve reed, a valve seat, and very often a backing plate, as shown in Figure 6. A
reed valve is typically made of a thin layer of metal or other material, such as plastic, with one end clamped, and the
other end free. When the net force is in the opening direction, the valve will bend under the fluid force to let the
fluid flow through it. When the net fluid force is in the other direction, the valve will be pushed towards the valve
seat to close the flow channel. Reed valves are commonly used in small compressors to stop the reverse flow at the
suction and discharge ports. The backing plate is used to limit the deformation of the valve reed.
In this paper, the reed valve movement is modeled as a rotation around its clamped end. This approach is a more
accurate approximation of the real valve bending compared with a 1D linear valve motion model, without coupling
to a complex strain-stress analysis.

Figure 6: Structure of a typical reed valve

3.2 Solving Reed Valve Dynamics
In this paper, the valve reed is assumed to have a 1D rotational movement around its clamped end. The valve reed
dynamics is modeled as a torsional mass and spring system described by the following ODE:
(1)
Where  is the valve opening angle starting from the valve closed position, I is the moment of inertia, C is the
rotational friction,  is the coefficient of torsion spring,  is the torque from fluid forces, and t is time. The value of
the torsion coefficient is defined by angular form of Hooke's law:
(2)
And the torsion coefficient can be derived by matching the rotational motion to the bending motion of the valve in
response to the same fluid load.
Consider a cantilever beam (Figure 7) with length l and a concentrated load P at the point which has a distance “a”
from the fixed end. A concentrated load is a good assumption for a discharge reed valve at small opening. This is
because the fluid force is mainly applied to the valve from high pressure fluid inside a relatively small flow channel
connecting to discharge valve. The deflection y at any location x can be described as:
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(3)
At x=a:
(4)
where E is the modulus of elasticity, and I is the area moment of inertia. If the rotation valve has the same lift at the
centerline of the flow channel as the bending cantilever, and assuming the opening angle is not too big, the opening
angle (Figure 8) can be expressed as:
(5)
The torque from concentrated load will be:
(6)
Combine equations (2) to (6), the formula to calculate torsion coefficient becomes:
(7)
Similar formula can also be derived for non-concentrated loads.

Figure 7: Bending cantilever beam

Figure 8: Rotation vs. bending

3.2 Reed Valve Mesh Solution
A pie sector of fluid volume around the valve will be cut out from the discharge port fluid volume. The
moving/deforming mesh algorithm will be applied to this pie sector. When the valve is closing, the mesh on the
valve seat side will be compressed and the mesh on the other side will be stretched; and when the valve is opening,
the mesh on the valve seat side will be stretched and mesh on the other side will be compressed. Figure 9 shows an
example of how the mesh in the pie section responds to the valve opening angle. In the present study, the actual
mesh moving/deformation is handled by the “Circumferential Valve” template built into the software package.

Figure 9: Valve mesh at different opening position
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4. CFD SOLVER AND GOVERNING EQUATIONS
The CFD package used in this study solves conservation equations of mass, momentum, and energy of a
compressible fluid using a finite volume approach. Those conservation laws can be written in integral representation
as
(8)
(9)

(10)

The standard

two-equation model (Launder and Spalding, 1974) is used to account for turbulence,

(11)

(12)

together with an equation of state, where properties are functions of temperature and pressure, to form a closed
system:
(13)
This software package has been used in CFD simulations for different types of compressors including: centrifugal
compressors, lobe compressors, twin screw compressors (Kovacevic1 et al., 2014), and scroll compressors (Gao and
Jiang, 2014).

5. ROLLING PISTON COMPRESSOR TEST CASE
A generic rolling piston model was used to demonstrate the functionality and capability of the proposed approach.
The complete system includes the suction port, rotor, and discharge port. There is a reed valve connecting the rotor
to the discharge port. Besides the rotor and valve volumes, the rest of fluid volumes are meshed using a binary tree
unstructured mesh. All the fluid volumes are connected together using MGI. The total number of cells is around 0.44
million. Figure 10 shows the completely meshed fluid domain. Figure 11 shows the mesh for the reed valve on a
cutting plane. This model also includes 3 adjustable leakage channels at the vane tip, the contact region between the
piston and the chamber wall, and a very narrow gap between the valve reed and the valve seat.
The inlet and outlet boundaries are set to fixed pressures with fixed temperatures. The targeted refrigerant is R410A,
modeled using the ideal gas law with correction for real gas. The molecular weight of R410A is 72.63 g/mole, and
the heat capacity is 840 J/kgK. The compressor rotation speed is set to 3600 RPM.
Starting from a properly prepared CAD geometry, the meshing and the setup of the simulation takes less than an
hour with the help of the Rolling Piston template and Circumferential Valve template. Simulation time is about 5
hours for one revolution on a PC with quad-core Intel Xeon CPU at 2.67GHz.
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Figure 10: Mesh for all fluid volumes

Figure 11: Mesh for reed valve

6. RESULTS AND DISCUSSION
In the simulation, the inlet and outlet pressures are set to 1MPa and 3.35MPa respectively. The solution becomes
periodical after about 3 revolutions. Figure 12 shows the pressure contours at 4 different crankshaft angles. The
pressure in the compression chamber keeps increasing with crankshaft angle till the compression chamber volume
vanishs at around 360 degree crankshaft angle.

90 degree

180 degree
270 degree
Figure 12: Pressure contour at different crankshaft angles

360 degree

Figure 13 shows temperature contours at 4 crankshaft angles. While the temperatures in the compression chamber
follow a similar trend as the pressures, the temperature inside each section (suction and compression) of the chamber
is not very uniform. This non-uniformity is caused by leakage flow from the high pressure/high temperature region
towards the low pressure/low temperature region. Pressure propagates with pressure wave at the speed of sound,
while temperature propagates with the much slower convection and diffusion process. Therefore that the pressure in
each chamber equalizes much faster than the temperature.

90 degree

180 degree
270 degree
Figure 13: Temperature contour at different crankshaft angles

360 degree
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Figure 14 plots the pressure in the compression chamber as a function of the crankshaft angle. The chamber pressure
reaches the discharge pressure at 210 degree crankshaft angle, and the valve start to open at that point under the
given simulation condition (Figure 15).

Figure 14: Compression chamber pressure vs.
crankshaft angle

Figure 15: Valve lift vs. crankshaft angle

Figure 16 shows the leakage flow in the contact region at vane tip, and the contact region in between the piston and
chamber wall at the 270 degree crankshaft angle in a cutting plane.

Figure 16: Compressor leakage flow

Figure 17: Flow field around valve reed

Figure 18: Leakage flow between valve and valve seat
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Figure 17 plots the flow field around the valve when the valve opened about 0.2 mm. Figure 18 shows a zoomed in
view of a very narrow leakage gap between valve reed and valve seat when the valve is in the “closed” position at
the 180 degree crankshaft angle.

7. CONCLUSIONS
A new CFD model for a complete rolling piston compressor system with a discharger reed valve is developed using
a 3D moving mesh approach. A new model for the bending reed valve is also developed. In this model, the bending
reed valve is treated as a rotational structure which is arguably the most realistic approximation for the bending
valve without involving detailed strain/stress analysis. Transient simulation of a generic rolling piston compressor
system demonstrates the capability of the new model. Important flow field and FSI information are revealed through
the simulation. With the help of the template design and the robustness of flow solver, the setup and simulation is
relatively easy and fast. The ease-of-use, the fast simulation turn-around time, and insightful information makes this
new model a useful tool for the design and analysis of rolling piston compressor systems.

NOMENCLATURE
a,b
C
C1
C2
E
E
FSI
f
Gt
I
k
k
MGI
n
ODE
P
PD
p

Length
Rotational friction
Turbulence model constant
Turbulence model constant
Modulus of elasticity
Total energy
Fluid structure interaction
Body force
Turbulent generation term
Moment of inertia
Heat conductivity
Turbulence kinetic energy
Mis-matched grid interface
Surface normal
Ordinary differential equation
Load
Positive displacement
Pressure

m
N-m-s/rad

Pa
J
N
Kg-m2
W/m-K
m2/s2

N
Pa

RPM
T
t
v
x
y




t



k





Revolution per minute
Temperature
Time
Velocity vector
Coordinates
defelction
Turbulence dissipation
Torsion constant
Fluid viscosity
Turbulent viscosity
Deflection angle
Fluid density
Surface of control volume
Turbulence model constant
Turbulence model constant
torque
Stress tensor
Control volume

K
s
m/s
m
m
m2/s3
N-m/rad
Pa-s
Pa-s
rad
kg/m3
m2

N-m
N/m2
m3
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